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Abstract

- . 2 ALTERNATING GRADIENT
Preliminary designs for the next largaccelerator MODEL

experiment envisioned for the Heavy IBasion program,

the IRE (Integrated Research Experiment) use an inductidf¢ considerthe motion of thecentroid of a transverse
linac to acceleratemultiple space-charge-dominated ionslice of the beam.and follow the treatment of L.
beams to arenergy of severahundredMeV, andfocus Smith[1]. A good approximation to theentroidorbit for
them at a target. Thisaperexamines theffect of beam the present IRE design can be obtained by neglecting
and quadrupolenisalignments on beam emittance in thénage forces and other nonlinearities. Then linearity
IRE. Thedependence ahe centroidorbit on the scaling implies that if thecentroid isinitially on axis with no

of focusing parameterswith z is analyzed. PIC transversevelocity, its position at theenter ofthe Nth
simulations including misalignment giveacceptable quadrupole, , is the sum of the individual perturbations

emittance growth for present IRE designs. from offsets of the upstream quadrupoles, so that [1]
| N _
1 INTRODUCTION Xy =2, PN S L, c,sni(N - njor)
V Vin iz o

The Heavy lon Fusion program is in the process of o
designing thelntegrated ResearcExperiment (IRE), a —d_,C_,sin[(N - n)o, - 70]} :
multi-beam induction linac which wouldccelerate space-
charge-dominated driver-scalé Keams to dew hundred

Me\( and focu; them onto a.target. Prehmmahyn_ac the nth focusing quad x offset. B(B..K./v.) %sin@,/2),
designs consist ofacceleration to ~8MeV using 0,1= Kunt/2L, V.. and C=(B_.K V) ¥%Sinh@_/2). B is
electrostatic quadrupole focusing (IRE Section 1), foIIowe(ﬁe be+tr€11tron ;‘un::ntion Q/Ve _;séume that;;nd.y are
by 2 sections of magne'uquadrupolefocusmg (IRE decoupled, sahat the same description holds for the y
Sgcﬂons 2and3). The phasedvanceper !attlceperlod dimension. Weare interested in randonguadrupole
without space chargeg, and.bea'm radius argke;pt misalignmentscaused byphysical limits onfabrication
constant throughout the _mgchme tnder to maximize andalignment, so we assume gorrelation between the
tr'ansportable. currerand minimize cost. ThlsrgqU|res offsets, and look at statistical behavioraeitroidmotion
different scaling of focusing parameters in different averagedover many sets ofyad displacements for the

sections. In Section L . Liv n, and K:‘JE'”_“_ A€ attice (average denoted by  “< >"), with the rms “d” for
constant (L=lattice half period length, v=longitudirfaé., each quad equal to,d Then

z) velocity, nL=quadrupolelength, and E =quadrupole N
gradient). InIRE Section 2, the beamae compressed < x* >N=4‘B“N d2. S <CZ >sin’[(N-n)o,]
longitudinally with line charge densityA,00v.  Here Vin n=1 )
LOV"® andn and K=qvB'/m areconstant. In IRE +<C2 >sin’[(N-n)o, - g,/ 2].

Section 3,A, L/v, and magnet lengthare heldconstant, In IRE Section 1, only sR{(N-n)o,) in Eq. (2), and
while quadrupole field gradiersicales asl/(1-21/3)/2 in Sir?[(N-n)a, )- 64/2], are n-dependent, so the sum is easily

order to keew, constant. In thipaper we examine the yone For N>>1 thedependence of yma(<x2>y)"? on
effect of randonmisalignments ofjuadrupoles anahitial 5 ig negligible, and we find that ’
0 1

misalignment of the beam on emittance growtentroid X ~2d. N @3
motion and its dependence orthe above scaling are - ONrms T 5T Ems YT o
calculatedfor the present IRE desighODO lattice in 1 "US thecentroidmotion is to agood approximation (&
Section 2 of the paper. In Section 3 a smooffV Ezercentfor N>5) arandomwalk. {=6,o[2K.io(Bsio*
approximation is used to elucidate the results of SectionP20)] 72, where the subscript “0” refers to an initisdlue
Section 4 shows the emittance growtie to the N IRE Section i. For present IRE design parametarss
misalignments in the presence of image formamagnet -7/, 9iving 1 mmcentroidoffset at theend of the 123

fringe fields, as calculated by PIC simulations. Section 1 lattice periods, fof,d=0.0254 mm (1 mil).
In IRE Section 2, theaccelerating gradient, 2,

increases as & We can approximate thgradient as
"Work supported by thé&).S. Department of Energy undezontracts constant overeach half lattice penOd’anq equal to the
DE-AC03-76SF00098 (LBNL) and W-7405-ENG-48 (LLNL). average of the gradient ovemat length, sinc@E/E <<1,

Heresubscripts +mand -n refer toevaluation at the nth
focusinganddefocusing quadrupoleespectively. gy, is
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whereAE is theenergy increase in a periodThen it is We now consider the change in the amplitude arifioi
easy to show that v increases exponentially with z. Usingndomlydisplaced quadsThe difference inposition ox

the fact that LOv1/2, onecanshow that yO(1-nglL,)2 andangle dX betweenthe centroid position with and
and  (KnB+n)Y20vY2  with g =qV,'/(mv2). This without quad displacement after a focusing quad and drift is
determineghe ndependence o&ll quantities in Eq. (1). X =d_p(d-cos8+(1/ n-1)sing) and

The sum can then be done quite accurately ibwgand to o =d_,0sin8/(nL) ©)

2nd order in g, since g=0.01. For N>>1, and no

original offset or angle in IRE section 2, this gives and after a defocusing quad and drift is:

J - & = dypn(L-cosh—(1/ n -1)sinh )

Xp s = {olimey N+ 50 +250)(1-CoN). (4) O = —d,,0sinh@/(nL) (10)
N here is the number of lattice periods traversed in SectigRe resulting change in amplitude wheweraged over
2, and ¢=g,L ,,, {,=3.48 for the present design. Note thagifferent distributions ofquaderrors isgiven by <0AZ>
the growth of centroid displacement is considerably slowe25x2>+<5x'2/k[302>, whereterms linear indx and ox'
than N2, This isdue tothe decrease oB, whichOv-12.  ayerage to zero. Averaging Eq.(8) oeeror distributions
Further insight on this result follows in Section 3. and addingeffectsfrom Egs.(9), (10) yields the following
] I(;\fsimilar'fasgion, using qy/(mv2)<<1, 6n<<1, We evolution equation for the average amplitude squared:
ind for section 3: E 2> _ _< 2>£ < 2> 11

e = b N1 312N+ 32N @) G <A h lf’: a '”9130: f(ao’;’) djd . (d)

. N erei is a half latticeperiod (onequad and drift) an

?S(rfogzgﬁﬁl'_m/z For the present desigdg=3.48 and (0o ) =(L/2)[(L-CoS+(LI-1)sirB)+(1-cosIB-(1/-
| 1)sintB)*+(268/n0,)*(sinfd+sinttd)].  B=<[6n*(1-co%,)/(3-
2n)]¥* (ref. [2]). Since f6,=0n)=12/(3-X) and variation
due toag is small relative to that fronm, for some
purposes theg=0 value of fgg,n) is adequate.

The above results have been derissduming no initia
offset or angle, irorder tosee the scaling for particular
section. Theycan easily becombined to calculate rms
centroidorbit through theacceleratorusing thefact that
X'n X md By fOr €achsection, and using thebetatron  In order to compare the results from integrating Eq. (11) to
formalism to carry the final offsetand angle for IRE the resultsobtainedfrom transfer matrices, weneed to
Sections 1 and 2 through the rest of the machine. Resw@laluatethe "smooth" component froreach AG orbit.

agree with computer calculations to about 5%. This is accomplished by averaging owie latticeperiod
using the followingprocedure. Weaassume that thactual
3 SMOOTH APPROXIMATION position after i half-lattice periodsnay beexpressed as
MODEL X()=Ac0SE,i/2+@) + x.cosfti). We define the

The calculation of centroid offset in Section 2 is useful f@uantitiesx(i) = (1/ 4)[x(i —1) +2x(i) + x(i+1)] ~ and
making accurate estimates of centroid evolutidowever, X (i) = (1/ 4)[X (i 1) +2x (i) + X (i +1)]. The smooth
it is often useful foraccelerator designers to haveewen amplitude is then given by

simpler formula that gives more physical insigind is A2(i) = 4()‘((i)2 +X (i)zlkéo)/(1+ cosg 12 ))2 (12)
amenable to incorporatidnto acceleratosystemscodes. . . : .
To thatend wehave usedthe smooth approximation to we gomparentegratlon of Eg. (.11.) with theumerical
represent the centroid orbit, but use the matrix amplitude found using Eq. (12) in figure (1).

representation of the momentum impulsecticulate the Lo
change in amplitude of a particle undergokigks from 15
displaced quads. In the absence of quadrupole errors, the x; .
equation of motion in the smooth approximation is: S

dx/dt? = -v2kaoPx © £ °
Here kpp = 0g/2L. Letting j denotethe number of é 0.7
betatron periods from z=0, then @dz=kgy/2m. Vv o5
Transforming tg as the independent variable, we find 025

d2x/dj2 + (d Incpo/dj) dx/dj + 4rex = 0 @) Iy
O / 4

Here wgo = kgovz is the temporal betatrofrequency. 0 100 200 300 400 500
From Eq.(7) it is cleathat if wpg increaseswith z, the Lattice Half Period Number

amplitude of the betatron motion decreases (inatheence Figure (1): 42> vs. half-lattice numberi, calculated

of displacement errors.) Weefine the amplitude A ysing Eq.(12) (upper), Eq. (11) (middleind using the
through the equatioA? = x2 +x2/kgo?. If follows that  go=0 value of f6p,n) (lower).

dAZ/dj+ (1/2r2)(d Inwpo/di) (d/dj)2 =0 ®)
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From Eq. (11) it isapparent that increasinggp with z ~ emittance behavior was alike in bdtansverse directions,
helps todampout betatron oscillationand the question due to coupling by nonlinearities. Maximuneentroid
arises as to whethexdvantage can béaken of this in offset was approximatelg.5 mm, which is consistent
acceleratordesign. We note thatonsideration of the with the results of Sections 2 and 3 of this paper.
smooth envelope equation places the constraintdais

proportional toMa? and for designs in which thdeam
radiusa is constanvpo varies directly with the line charge

Table 1: PIC simulation results

A, suggesting thadamping will generally accompany Case Particles | Emittance
: ) lost growth
bunch compressionApertures and bunching schedules —
hould be ch bearina in mind this relati Misaligned quads, 3 2.1%
should be chosen bearing in mind this relation. no fringe fields (a) 1%
4 PIC SIMULATION RESULTS FOR Misaligned beam, 5 4.8%
OFF-AXIS BEAMS no frlnge fields (b)
Misaligned beam, 3 5 204
Simulations using the 2dtransverse)version of the with fringe fields (c) e
WARRP particle-in-cellcode were done tinvestigate the Misaligned quads,
behavior ofinitially alignedandmisaligned beams in the misaligned beam, 42 5.9%
IRE for thecase of randonguadmisalignments. Inorder no fringe fields (d)
to incorporatethe effects ofimagecharges ornthe beam,
the presence of conducting boundaries in the three sectloasls 06 ‘ ‘ ‘ ‘ ‘ o d

of the acceleratorwas included in the simulation. The
aperture of the accelerator wa86 cm in IRE Section 1,
and was increased to 3.36 cm in IRE Sectiorm@ 3. In
IRE Section 1, the focusinfield is generated by four
perfectly conducting electrostatquadrupole rodsvith a M
radius of 3.27 cm. Thedistancefrom the axis of the W‘wn
accelerator tahe tip of thequadrupolesvasequal to the HMW
aperture 0f2.86 cm. Theboundary inthe drift spaces ‘“‘" il
betweenthe quadrupoles was asquareconducting box,
12.26 cm on a side. In Sectionsad 3, instead of four
guadrupole rods, a circular conducting boundary of 3.36 cm 0 100 Lan?f;’ Half per?c?c? Number“oo 500
was used both in the quadrupoles and in the drift spaces.

A beam of K ions wasacceleratedrom 1.6 MeV to Figure 2:Increase inthe normalized transverse emittance
200 MeV. g, was set equal to 70average radius was 1.5in case of misalignments in the IRE.
cm, and the perveance was 1.4 £.10

The rmsrandom quadrupoleffset was 0.0254 mm for We conclude that moderate misalignments in the IRE do
each ofthe transverse directions. line simulations in Nnot lead toany significant emittance growth. These are
which the beam was initially misaligned, it wiastially —encouraging results for beam stability in the IRE.
off axis by 0.8 mm in one of thigansverse directions at
the beginning of the firstlrift space. Thigesulted in an 5 CONCLUSIONS

initial beam centroid oscillation of 2 mm in amplitude. We havederivedvery accurateformulas for the statistical
In real AG focusing systems, since theadrupole field pehavior of the beam centroid, given variqusctical
strengthchanges neathe magnet endspseudo-octupole scalings of lattice parameterand shown thatincreasing
and pseudo-dodecapoldringe fields there will act )\/a? with z can producedamping of thecentroid offset.
nonlinearly on the beam [3]. These fringe fielsre These resultcan be used as design guidaneed to
included in asubsequensimulation, assuming that theestimate necessary aperture, given fabrication and
quadrupole fieldstrength decreasessmoothly near the alignment tolerances. PIC simulatiof a preliminary
magnet edge with a fall-off length of 4.5 cm. This lengtiRg design show very small emittance groWts%) due
fills most of the drift space in the firéw lattice periods, to beamand quadrupolemisalignments for rmsquad
but avoids overlap of the fields from one quad to the nextiisplacement of 0.0254 mm.
If the fringe fieldsare included inthe simulation, the
emittance growth is still small. Since the stepsize has to 6 REFERENCES
be much smaller irorder toresolve the fringe fields, the 1) L. smith, “Effect of Random Quadrupole Misalignments in MBE,
simulation needed amuch longer running time (67,500HI-FAN-251, July 1984, unpublished.

2] E.P. Lee, T.J. Fessenden, and L. J. Laslett, "Transpor@itdege
user CPU seconds on a Cray J90) |[n a Periodic Alternatlng Gradient System,"IEEE Trans N8cience,
The results of simulations using 80,000 particles onn&-2g 2489 (1989).

[3] E. P. Lee,"Field Calculation for a cos @ Quadrupole Magnet
256 x 256grid areshown in Table land Figure 2. The Without Iron" HI-FAR-464. July 1996, unpublished.
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